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A multi renewable source micro-grid system has many power quality issues 
when it is operated in grid islanding condition. During grid connected mode 
the voltage and frequency of the system will remain stable for small 
disturbances like load changes or environmental changes. During these 
sudden variations in the system, the grid supports the load maintaining the 
system stable. In this paper a droop control is introduced for the renewable 
source module 3-ph inverter during standalone mode supporting the load. For 
detection of grid islanding, an active islanding detection control is adopted 
which makes the 3-ph inverter to shift from synchronous reference frame 
(SRF) control to droop control. The performance of the droop control is 
improvised with fuzzy interference structure (FIS) module replacing the 
conventional proportional integral and derivative (PID) control. A 
comparative analysis is done in this paper with different controllers in droop 
control scheme using matrix laboratory (MATLAB) Simulink software. 
Stability analysis is carried out on the system determining the voltage and 
frequency fluctuations during grid disturbances. There is an improvement in 


load compensation, voltage ripple, voltage magnitude, frequency ripple and 
settling time with the introduced fuzzy droop controller. 
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1. INTRODUCTION 

For clean and green electrical power generation most of the grids as of today and in future are adopting 
renewable sources. The grid is bifurcated into multiple micro-grids [1] where each micro-grid is introduced 
with local renewable sources. Different renewable source like photovoltaic (PV) system, wind farms or fuel 
cells can be used for compensation of local load demand. In most of the previous research the renewable 
sources are always grid connected which share power to the load along with main grid. The grid connected 
condition have very less power quality issues as the main grid always supports the system for any sudden or 
intermittent disturbances. The major issues transpire when the system is alienated [2] from main grid making 
it to work in standalone condition during main grid failure. During grid connected mode the renewable source 
module 3-ph inverter is operated using synchronous reference frame (SRF) control which takes feedback from 
the grid side 3-ph voltages. The SRF control uses phase locked loop (PLL) unit for the operation of the 3-ph 
inverter to synchronize with the grid voltages for sharing of renewable power [3]. In the grid connected mode 
the system has better stability even during sudden load changes or renewable power disturbances as the main 
source supports the system. The voltage, frequency, and powers of all the modules are maintained with less 
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disturbance or oscillations. A simple renewable source micro-grid interconnected to main grid schematic can 
be observed in Figure 1. 
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Figure |. Renewable micro-grid test system 


In the given test system as in Figure 1 the renewable source micro-grid is included with boost- 
converter PV module, boost converter fuel-cell module, AC-DC converter wind farm module and bidirectional 
converter battery pack for power backup. All these renewable source modules are interlinked to a DC bus 
where 3-ph inverter is connected injecting renewable power to grid. The 3-ph inverter is either operated with 
SRF or droop control as per the grid available condition. The 3-ph inverter controller selection is done by 
islanding detection unit [4]-[6] which identifies the utility grid connection to the renewable micro-grid. The 
powers of the four renewable modules are utilized as per load demand and grid connection conditions. 

The contents of this paper include introduction in section | followed by configuration of four modules 
renewable micro-grid in section 2. In section 3 the control structure design for the control of 3-ph inverter is 
discussed which includes SRF control and droop control in grid connected mode and islanding mode 
respectively. The section 3 is also included with islanding detection algorithm which determines the 3-ph 
inverter control operation. Section 4 is the simulation results analysis and graphical representation of different 
measurements. The analysis of the proposed system is done with different operating conditions and parametric 
stability comparisons are shown. The comparison includes different controllers in droop control structure 
which are PI, PID, and FIS. The final section 5 is conclusion to this paper where the optimal controller for the 
3-ph inverter is determined with tabular comparison, followed by references given in this paper. 

In previous researches [2]—[4] droop controllers are introduced to fixed DC sources or stable sources 
which compensate the required load. The stability of the controller is tested when the stable DC sources are 
replaced with unpredictable renewable sources. The response time of the droop controller needs to be tested 
[5] with different operating conditions and source failures. The peak overshoots and disturbances caused by 
the conventional PI controller needs to be mitigated with new robust advanced control modules. 


2. RENEWABLE MICRO GRID CONFIGURATION 

As mentioned previously in section | the renewable micro-grid is included with four source modules 
which operate as per the grid connection condition. From the four sources, PV module and wind farm module 
are the major renewable sources [7] which generate power utilizing solar irradiation and natural winds. The 
powers from these two sources PV and wind farm are completely extracted in any operating condition of the 
grid. As these sources generate power from natural resources it is recommendable to extract the total power 
that they are generating which can be either fed to load, grid or can be stored in battery module. The third 
renewable source is fuel cell which generates power using specific hydrogen and oxygen provision as per the 
requirement. This fuel cell is an optional source as the power generation can be controlled and can be activated 
during demand. The fourth source is otherwise called as energy storage module which comprise of battery pack 
[8]. This battery pack can store power from excess generation by the photovoltaic and wind farm modules. The 
complete structure of the micro-grid with four sources with their controllable power electronic devices is shown 
in Figure 2. 
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Figure 2. Proposed four source micro-grid 


As per the Figure 2 micro-grid configuration the PV source and fuel cell sources are connected to 
individual boost converters for boosting the voltage as per the requirement. The wind farm module has a 
permanent magnet synchronous generator (PMSG) which is an independent power generation machine. Even 
the wind farm uses boost converter but with a diode bridge rectifier between PMSG and the converter for AC- 
DC conversion [9], [10]. The battery module comprises of a bidirectional DC-DC converter which has the 
capability to store and extract power from battery during excess and deficit conditions respectively. All these 
converters are connected to common DC link for power sharing to the grid through a 3-ph inverter. 

The boost converter of the PV unit is controlled using traditional perturb and observe (P&O) 
maximum power point tracking (MPPT) control algorithm [11]. This technique is most adopted control in 
many systems because of its simple logic with respect to PV source voltage and current. The duty ratio of the 
boost converter is either increased or decreased as per the change in PV voltage and current parameters which 
are impacted by solar irradiation: 


7 (Lf P(k) > P(k — 1) and V(k) > V(k- 1) 

Dire et abit ip P(k) < P(k — 1)and V(k) < V(k — i () 
7 (If P(k) > P(k — 1) and V(k) <V(k-1) 

cea a anit iy P(k) < P(k — 1)and V(k) > V(k - PS (2) 


here, D is the updated duty ratio, D, is past duty ratio value, AD is the fraction update to the past value, P(k) 
and (k — 1) are the present and past powers of PV source, V(k) and V(k — 1) are the present and past voltages 
of PV source [9]. 

The wind farm boost converter is also controlled by MPPT algorithm with feedback from PMSG rotor 
angular speed w, . The MPPT adopted for the wind farm unit is power signal feedback (PSF) control which 
generates optimal power estimation P,,,, using PMSG rotor speed [12]. The similarity for the same is given: 


Popt = KoptWr (3) 


here, K,,; is MPPT multiplication factor and w,. is the rotor speed of PMSG. 


Indonesian J Elec Eng & Comp Sci, Vol. 30, No. 3, June 2023: 1308-1320 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 Oo 1311 


From the above optimal power reference generation required torque (T*) is generated which is 
compared to measured electro-magnetic torque (Te) of the machine. The error generated is fed to PI torque 
controller which generates duty ratio for the wind farm unit boost converter. The variable DC voltage generated 
by converting 3-ph PMSG voltages using diode bridge rectifier is now stabilized using boost converter operated 
by PSF MPPT algorithm [13], [14]. 

In the fuel cell unit, boost converter switch [15] is controlled using voltage constant (VC) feedback 
control which operates using reference voltage Vrer. This Vrer value is given as per the required voltage at the 
DC link which is determined as per the maximum voltage of the 3-ph grid. The same VC feedback control is 
also integrated to DC-DC bidirectional converter in battery unit which controls the buck and boost switch as 
per the available power. As per the control schematic Figure 3 Vac. is the reference voltage, Vac measured 
voltage at the DC link, V- is the error in voltage, Voltage controller is conventional PI controller [12], Vc is 
the duty ratio, and mg is the saw-tooth waveform. 


Saw-tooth 
Generator 


Figure 3. VC feedback control 


The bidirectional converter [16] operates in buck mode when excess power is available storing energy 
in the battery pack. The same converter operates in boost mode when the system has insufficient compensation 
power. All the converters are synchronized to operate at same voltage at the DC link for optimal power 
extraction and sharing. The powers from the PV and wind farm units are completely extracted as they are 
natural resource generated powers. These powers are either injected to grid or stored in the battery as per the 
conditions in the system. 

The battery unit is connected to the system when the grid is isolated considering it as a backup power 
source which supports the load. This triggering of battery unit is achieved using islanding detection algorithm 
which trips the circuit breaker of the battery as per the grid connection. During normal operating conditions 
when grid is connected, the load has support from the grid source therefore the battery unit is maintained 
disconnected. The fuel cell unit is operational when the battery unit is failed, or the battery unit cannot support 
the load. This fuel cell unit is triggered with feedback from battery state of charge (SOC) and load power. The 
fuel cell is triggered ON only in grid islanding and battery failure condition. The control modules for the 
inverter and the islanding detection algorithm are discussed in the next section. 


3. 3-PH INVERTER CONTROL MODULES 

The 3-ph inverter connected at the DC link is operated with different control techniques as per the 
grid connection. The 3-ph inverter is operated with SRF control when the renewable micro-grid is connected 
to main grid. The SRF controller takes feedback from DC link voltage, 3-ph grid voltages and inverter currents 
to make the inverter operate in synchronization to the grid. When the grid is disconnected (islanding condition) 
the 3-ph inverter needs to be operated with droop controller with voltage and frequency stability response. The 
droop control takes feedback from inverter voltage and angular frequency for injection of renewable power 
compensating the load. For the selection of inverter control technique as per the availability of grid, an islanding 
detection algorithm is used for switching between SRF and droop control modules. The internal modeling and 
structure of the control modules are discussed. 


3.1. Islanding detection algorithm 

This control module for detection of main grid connection to the renewable micro-grid takes feedback 
from grid voltage (V), frequency (f) and reactive power exchange (Q). The flowchart of the islanding detection 
algorithm [17] for switching between the control techniques is given in Figure 4. Initially measurements at 
PCC voltage (V,,-) and load reactive power (Qjoqq) are taken with first comparison of the voltage magnitude 
within limits. The voltage magnitude comparison is given as if 0.88 V,<V-c<1.1 V,- detect as grid connected 
or else grid islanding condition [18]. If the voltage is in given limits and if V4-,¢>V,, then Q;er is calculated 
which is given as, 
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V; cco—Vn 
Qrep = — (k, + “peer k,) Gf =X) + Qisaa (4) 
after V,-- magnitude comparison the frequency (fpec) of the Vj-c is checked to be in given limits and the 
comparison is given as 49.3<f,,,--<50.5. If the frequency is not in the given limits the grid is in islanding state 
and the 3-phase inverter shifts from SRF to droop control module. 
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Figure 4. Islanding detection algorithm for controller switching 


3.2. SRF control 
The SRF control module [19] is conventional controller which takes feedback from PCC voltages, 


inverter currents and DC link voltage. This control module ensures that the renewable micro-grid injects power 
to the load or grid in synchronization to grid voltages. The conventional SRF control module can be seen in 
Figure 5. 
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Figure 5. SRF control module during grid connected condition 


As per the SRF control module [20] the reference d-q currents (/g and Jj) are taken as ([7=0) and Ig 
is calculated by voltage PI controller fed with DC link voltage comparison given as, 
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here, K,, and K; are the proportional and integral gains of the voltage controller. The reference d-q currents are 
compared to measured currents (/q and [,) which are generated by park’s transformation given as, 


(6) 


(‘| = 2 Sin wt Sin (wt - =) Sin (we +=) Alt ; 
3 


Iq Cos wt Cos (wt - =) Cos ( (w+ 


from the d-q error currents the reference signals Ug and U, are generated which are used to get d-q reference 
signals (Vj and V,") given as, 


Vj =Ud+Vd+Lol, (7) 
Vy = Uq+Vq-Loalg (8) 


the above reference d-q components are converted back to abc sinusoidal reference signals using inverse park’s 
transformation as given. 


Sin wt Cos wt 


_ Sin (wt - 4) Cos (we - =) | (9) 
Sin (wt +) Cos (wt +) = 


Va 
Vp 
Ve 


These reference sinusoidal waveforms are compared to high frequency triangular waveforms 
generating pulses for the 3-ph inverter. This technique is represented as sinusoidal pulse width-modulated 
(PWM) technique [15]. The angle (wt) in (6) and (9) are generated using PLL which is given input from grid 
voltages, this makes the 3-ph inverter to operate in synchronization to the grid. 


3.3. Droop control 

The droop control module controls the 3-ph inverter when the main grid is disconnected making the 
renewable micro-grid to operate in standalone condition [21]. As the renewable micro-grid is uncertain with 
powers and voltages because of unpredictable environmental conditions, it needs a voltage and frequency 
stabilizing controller. The droop control module considers an estimated required voltage signal with specific 
voltage magnitude and frequency. This reference signal is considered for PLL which is responsible for the 
calculation of d-q voltage and current components [21]. The complete internal structure of droop controller 
with conventional PI controller can be seen in Figure 6. 


Figure 6. Proposed droop control structure 


As per the given Figure 6 the V,V, and Jy, components are generated using (6) with 3-ph 
measurements taken after the LC filter of the 3-ph inverter. The ‘wt’ for the d-q component calculation is taken 
from reference voltage signal fed PLL unit [21]. From these d-q components the instantaneous real and reactive 
powers P and Q are calculated given as, 
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3 
P == (Vala + Vala) (10) 


Q == (Vgla — Vala) (1) 


with these real and reactive power components the reference angular frequency (w*) and reference voltage 
magnitude (v*) are calculated as, 


w*=w,—k,P (12) 
v= Vy — k,Q (13) 


here, w,, is the fundamental angular frequency taken as 2 af where ‘f? is 50 Hz and v, is the fundamental 
voltage magnitude, k,, and k, are the static droop coefficients which are depicted with, 


k, — Sores (15) 


here, Wmgx and Wmin are the maximum and minimum allowable angular frequency, Vygy and Vin are the 
maximum and minimum allowable voltage magnitude [22] of the system, P,,,, is the maximum allowed real 
power and Q,,,,, is the maximum allowed reactive power. 

The reference current components (i5qi,) for generation of reference signals is given as, 


iba = (V* — Vm) (Kp + J Ki -dt) (16) 

i6q = (W* — Wm) (Ky + J K;,.dt) (17) 
here, V,, and W,, are the measured voltage magnitude and angular frequency at the 3-ph inverter. The K,and 
K; are the proportional and integral gain values tuned as per the response of the system. With the reference 
current components, the voltage components (Ug U,) are given as, 

Ua = (isa — ing) (Kp + J Kj. dt) (18) 

Ug = (ig — tog)(Kp + J K;.dt) (19) 


from these voltage components (U,U,) the final reference voltage signals (vgv;) for PWM pulse generation 
are given as, 


vi, = vq + Ua — iggwhs (20) 
Dy = Vq + Uy + iggwls (21) 


here, L, is the inverter filter inductance and w is the considered angular frequency taken as 2 xf. 

The vq vq are transformed to Vay, reference signals by using (9) and these signals are compared to 
high frequency triangular waveform generating PWM pulses [23] controlling the 3-ph voltage source inverter 
(VSD. For further stabilization the traditional PI controller is updated with FIS control module for better 
stability of the inverter during grid islanding and load variation condition. 


3.4. FIS control module 

The FIS module is a stabilization controller for better control over the current components generated 
by the comparison of voltage magnitude and angular frequency signals. The traditional PI controller is replaced 
by the FIS control module which is designed with two input signals error (e), change in error (ce) and one 
output signal (0) [24]. Each considered signal has seven membership functions which are defined in specific 
limits as per the input value. The structures of the seven membership functions in each variable can be seen in 
Figure 7. 
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Figure 7. FIS variables membership functions 


The limits of the variables are set as per the response of the controller to the changes in the system. 
The output currents (ijqij,) are generated with respect to given 7x7 rule base [25] in Table 1. The output 
currents (ijqigq) are further processed as per conventional controller in Figure 6 for the generation of reference 
signals V,,-. As the reference currents are stabilized with FIS control, the 3-ph inverter signals are also 
stabilized with faster response rate. This makes the 3-ph inverter to maintain the system with stable voltage 
and frequency as per the V,.¢ signal given. A comparative analysis of the test system with renewable micro- 


grid operated with different droop control modules is done. Multiple parameters are compared with simulation 
design using PI, PID, and FIS controllers in further section. 


Table 1. 7x7 rule base 


4. SIMULATION ANALYSIS 

The complete system with main grid connected to four renewable source micro-grid is modeled using 
MATLAB Simulink environment. An isolation circuit breaker for main grid disconnection to create islanding 
condition is used. Islanding detection algorithm is integrated to PCC voltage and reactive power for detection 
of grid disconnection tripping the controller of the 3-ph inverter from SRF to droop controller. The complete 
system is modeled with the system parameters taken from Table 2 which include ratings of the renewable 
sources and change in operating conditions. 
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Name of the parameter 


Values 


Grid rating 11 kV, 50 Hz, 100 MVA 
Load parameters L1-—30kW, L2—-20kW 
PV module Vinp = 54.7V, Imp = 5.58 A, Voc = 64.2 V, Isc = 5.96 A, Np = 10, Ns = 5. Pov totar= 15 kW, 


Wind farm module 


BESS module 

Fuel cell module 
VSILC filter 

Islanding detection limits 


SRF controller gains 


Droop controller gains 


Boost converter — Ly = | mH, Cin = 100 WF, Cou = 12 mF. 
PMSG - 67 N-mt, 560 Vdc, 1700 rpm 


Turbine — 12 kW, Base wind speed = 12 m/s, base rotational speed = 1.2 pu 


Boost converter — Ly = 100 wH, Cin = 1000 WF, Cour = 1000 pF 
Lithium-Ion Vyom = 250 V, Capacity = 100 Ah 

Bidirectional converter - L,= 161.95 WH, Cou= 220 pF 

Viom = 300 V, Tnom = 133.3 A, Vena = 220V, Teng = 225 A. 
Boost converter — Lb = 1 mH, Cin = 100 uF, Cout = 12 mF. 
Ly = 250 mH, C;= 2.6 kVAR 

0.88 <Vimag< 1.1, -1 > Q > 1, 49.3 <f < 50.5 

DC voltage gains - K, = 7, Ki = 800 

Current controller gains — K, = 0.3, Kj = 20 

V & w controller gains — K, = 0.05, K; = 0.01 


Current controller gains — K, = 0.3, Ki = 20 


The system parameters are considered as per the load demand and the general voltage values 
considered in a grid system. With the given parameters in Table 2 the modeling of the test system is done in 
MATLAB Simulink environment and the complete modeling diagram can be seen in Figure 8. The simulation 
is run for 5 sec with different operating conditions in specific intervals of time. The main grid is disconnected 
at 0.5 sec using a circuit breaker, making the renewable micro-grid to operate in islanding condition from 0.5 
sec. Therefore at 0.5 sec the 3-ph VSI controller shifts from SRF controller to droop controller. Now as the 
main grid is disconnected, battery energy storage system (BESS) module is activated supporting the system. 
At 1.2 sec the solar irradiation is varied from 1000 W/mt? to 500 W/mt? reducing the solar power generation. 

At 2 sec load L2 of 20 kW is connected along with previous load L1 30 kW added up to 50 kW total 
load. This excess load demand is supported by BESS module from 2 sec. In the next instance at 3.5 sec the 
BESS module is disconnected creating BESS failure, making the fuel cell module to connect at 3.5 sec. All the 
power and voltage graphs with different controllers (PI, PID, and FIS) are shown for the given operating 
conditions. The Figure 9 is the 3-ph PCC voltages and micro-grid currents which have a change at 0.5 sec, the 
voltage swells until 0.7 sec and then it is stabilized by the droop controller. For the conditions in the test system 
mentioned previously, the active powers of the all the modules are shown in Figure 10. The values of the active 
powers of each module are mentioned with respect to time range in Table 3. 
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Figure 8. Simulink modeling of the proposed test system 
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Figure 9. 3-ph PCC voltages and renewable micro-grid currents 
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Figure 10. Active power of all modules and DC link voltage 


Table 3. Active powers of all modules 
Parameter 0-.5 sec 0.5-.2 sec 1.2-2 sec 2-3.5sec__3.5-5 sec 


Ppv 14kW 14kW 7kW 7kW 7TkW 
Pwf 85kKW  8.5kW 85kKW 8.5kW 85kW 
Perid 10 kW 0 0 0 0 
Pbat 0 10kW I5kW 36 kW 0 
Pfc 0 0 0 0 36 kW 
Pload 30kW 30kKW.30kKW SO kW 50kW 


The load and MG active power compensation with different droop controllers (PI, PID, and FIS) can 
be seen in Figure 11. The response of the FIS controller droop control module has faster response as compared 
to PI, PID, and maintains the power at 50 kW from 3.5 sec when the battery is failed. The other two controllers 
have slower response and can compensate only 46 kW for 50 kW load demand after 3.5 sec. 
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The Figure 12 is the DC link voltage and PCC voltage magnitude comparison measured on the DC 
side of the 3-ph VSI which is mostly stable and has less ripple for FIS droop control. The magnitude of the 
voltage also tends to maintain near to 500 V (490 V) in any given condition. The other two controllers (PI PID) 
have higher ripple in the voltage from 2-3.5 sec and the magnitude is dropped to 470 V when the battery is 
failed. 

Even the voltage magnitude on the AC side at PCC the FIS droop control modules maintain the voltage 
always around | pu for any given condition. On the other hand, the voltage magnitude at PCC is varying from 
1.02 pu to 0.97 pu when operated with PI or PID. Along with the voltage magnitude the frequency of the PCC 
voltage is also stabilized with less ripple and faster settling time for FIS droop control which can be seen in 
Figure 13 as seen the frequency after 1 sec for FIS droop control is settling faster and tends to maintain at 50 
Hz and with lower ripple content as compared to PI or PID. The Table 4 is the comparison of parameters when 
the system is operated with different controllers. 
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Figure 12. DC link voltage and V,.- voltage magnitude comparison 
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Figure 13. Vpcc voltage frequency comparison 
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Table 4. Parametric comparison 


Name of the parameter PI PID FIS 
P-MG 46kW 46kW 50kW 
Vde ripple % 4.92% 4.92% 0.81% 
Vdc magnitude 470 V 470 V 490 V 
Vpcc magnitude 1.05 pu 0.97 pu 0.97 pu 
F settling time 0.9sec 0.9sec 0.5 sec 
F ripple % 0.5% 0.2% 0.2% 


5. CONCLUSION 

As per the given results the system parameters like power, voltage magnitude and frequency are more 
stable when the inverter is operated with FIS controlled droop controller. This proposed droop controller has 
faster response time with reduced disturbances in the system parameters when operated in standalone condition. 
The power balancing is also achieved compensating the load power by the backup modules BESS or fuel cell. 
As per the calculated values of different parameters in the system it can be concluded that the complete system 
is more stable when the inverter is operated with FIS integrated droop control. There is a very high mitigation 
in ripple of the voltages, full compensation of required load power and reduction of settling time of the 
parameters. The number of renewable sources can be increased in further development reducing stress on the 
battery backup device. Better stable controller modules can be integrated for more stability and faster response 
to the changes in the grid system. 
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